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mixed-phase region. In this mixed-phase region, ice forms preferentially because of the lower saturation vapour pressure over ice than liquid.
Modelled cloud has been implicated as a primary driver of surface radiation biases over Antarctica (Bromwich et al., 2013; Lenearts et al., 2017) and specifically over Larsen C Listowski & Lachlan-Cope, 2017) . King et al. (hereafter K15) find that three different regional atmospheric models simulate either too little cloud, or cloud that is optically too thin over the ice shelf. Summertime clouds over Larsen C in the MetUM are optically too thick in the shortwave part of the spectrum, while being too thin in the infrared, which results in negative downwelling shortwave (SW↓) and longwave (LW↓) biases. Overall, they find positive (negative) net shortwave (longwave) fluxes that do not entirely cancel, which produces a positive net energy flux at the surface and can cause the MetUM to over-estimate melt on Larsen C. High resolution regional climate models are typically able to represent the radiative effects of mixed-phase cloud more accurately than global models (Vergara-Temprado et al., 2018) . However, computational constraints still necessitate parameterisations that approximate sub-grid scale cloud properties, which produce errors in the SEB. Both Listowski & Lachlan-Cope (2017) and Hines et al. (2019) use the Polar-WRF model (and AMPS, in the case of Hines et al.) to show that more sophisticated parameterisations produce more accurate simulations of cloud microphysical properties, and consequently surface radiative fluxes, over Larsen C and the West Antarctic, respectively. Both find that double-moment parameterisations of liquid water represent cloud and SEB properties most accurately.
Over the entire continent, the widely varying representations of cloud phase between models and reanalyses still produce considerable errors in radiative fluxes: generally, CMIP5 models under-This article is protected by copyright. All rights reserved. estimate downwelling shortwave and over-estimate downwelling longwave (Lenaerts et al., 2017) . A better understanding of phase in Antarctic mixed-phase clouds, particularly the occurrence of supercooled liquid water (e.g. Listowski et al., 2019) , is essential to address this problem. For example, an improved cloud scheme was shown to reduce Antarctic-wide SEB biases in RACMO2 (van Wessem et al., 2014) , and to increase modelled melt and precipitation rates over the Antarctic Peninsula (van Wessem et al., 2018) . Melt and precipitation are both key inputs to surface mass balance (SMB) calculations so improving simulated cloud phase and radiative effects contributes to a better understanding of SMB and consequently sea level rise. This is particularly important in coastal Antarctica (including the peninsula), where melt and precipitation rates are high, and model SEB biases are largest (Lenaerts et al., 2017) . Antarctic SMB has been estimated using regional models like MAR (Agosta et al., 2018) , COSMO-CLM 2 (Souverijns et al., 2019) and RACMO2 , but further work is still required to better constrain modelled SMB. For instance, RACMO2 still over-estimates coastal orographic precipitation rates near the grounding line of west Antarctic glaciers partly due to its representation of cloud .
There is currently a gap in scientific understanding on the influence of cloud phase on the SEB and melting over Antarctic Peninsula ice shelves. This has wider implications for model estimates of SMB across Antarctica, and therefore sea level rise. K15 conclude that cloud properties are a likely cause of observed SEB biases. However, although observed cloud phase on the peninsula has been assessed by Grosvenor et al. (2012) and Lachlan-Cope et al. (2016) and modelled by Listowski and Lachlan-Cope (2017) , no work has been done to explicitly connect these properties to the SEB. This This article is protected by copyright. All rights reserved. study will address this gap by investigating the sensitivity of the SEB to simulated cloud phase in a high-resolution regional climate configuration of the MetUM.
Data and Methods

Study Area
The study focuses on Larsen C, an ice shelf with a flat, homogenous surface on the eastern side of the mountains that extend approximately north-south along the Antarctic Peninsula (Figure 1 ).
During summer, the shelf is characterised by relatively low wind speeds, high relative humidity and cloudy conditions (Kuipers Munneke et al., 2012) .
Data
Two observational datasets are used to validate MetUM-simulated cloud phase and SEB over Larsen C. Namely, airborne observations of cloud collected with the British Antarctic Survey's instrumented Twin Otter aircraft and observations of surface meteorology and energy fluxes from an automatic weather station (AWS14), located at 67°00.8'S 61°28.8' W at 40 m above sea level. These data are from the Orographic Flows and Climate of the Antarctic Peninsula (OFCAP) campaign which took place between January 1 and February 7, 2011 (see Elvidge et al. 2015; 2016 and K15) .
The aircraft measures standard meteorological variables like temperature, pressure and humidity, three dimensional winds and up-and downwelling radiation. A DMT Cloud, Aerosol and Precipitation Spectrometer (CAPS probe, Baumgardner et al., 2001) containing three separate This article is protected by copyright. All rights reserved.
instruments to sample cloud particles of different sizes was also fitted. A full description of aircraft observations and data treatment can be found in Grosvenor et al. (2012) , Lachlan-Cope et al. (2016) and Appendix A.
AWS14 measures near-surface meteorology and radiation components directly. Turbulent fluxes are computed using the bulk aerodynamic method to retrieve the full SEB, and the energy balance model of van den Broeke et al. (2005) calculates the SEB of the snowpack. Further details of weather station measurements and data treatment are given in Kuipers Munneke et al. (2009; and
The SEB of the ice surface is defined as per K15 and summarised as:
where SWnet and LWnet are the net (downwelling minus upwelling) shortwave and longwave fluxes, respectively; and HL and HS are the surface latent and sensible heat fluxes, respectively. Melting occurs when the sum of fluxes, Etot, is positive, and the surface temperature, Ts, is at the melting point: 0°C. Energy available for melting (or melt flux, Emelt) is therefore equal to Etot when Ts = 0°C, as described in K15. All fluxes, including Emelt and Etot, are measured in W m -2 and are positive when directed towards the surface.
Model description
The MetUM (Walters et al., 2017 ) is a non-hydrostatic numerical weather prediction model that uses semi-implicit time-stepping and semi-Lagrangian advection. A regional configuration using RA1
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science settings was run in atmosphere-only forecast mode, with a setup adapted from Orr et al. (2014) and forecast length of 24 hours. It was run in a nested configuration with a 1.5 km resolution inner domain centred on the Larsen C ice shelf, shown in Figure 1 . This domain is positioned within a global domain that has ~17 km resolution at mid-latitudes (N768) and was initialised with global UK Met Office operational analyses. The MetUM radiation scheme is based on Edwards & Slingo (1996) and all experiments used the operational single-moment cloud microphysics scheme based on Wilson & Ballard (1999) , with extensive modifications as described in Bush et al. (2019) . The heterogeneous ice nucleation temperature threshold (representing an immersion freezing or condensation mechanism, whereby ice is permitted to form heterogeneously in the presence of liquid water) used by the microphysics scheme was changed from its default value of -10°C to -18°C, shown by Field et al. (2014) to improve the representation of mixed-phase cloud. Additional details of model parameterisations are given in Appendix C. that conditions there are representative of a large area (K15). Mean vertical profiles are computed from observations and model output using in-cloud data only, during the period when the aircraft was sampling over the ice shelf (approximately 1500-1700 UTC). Further detail is given in the appendices.
Method
Four model experiments were run with varying 'Regional Atmosphere' (RA) configurations (Table   1 ). Two sets of RA physics were tested: RA1M and RA1T, configured for the mid-latitudes and tropics, respectively, and described in Bush et al. (2019) . These two experiments are the 'base'
configurations. The primary differences between them is that RA1M uses the operational (diagnostic) large-scale cloud scheme based on Smith (1990) , whereas RA1T uses a prognostic scheme, PC2 (Wilson et al., 2008) . Smith (1990) parameterises sub-grid scale variations in humidity and temperature to calculate cloud fractions using a triangular probability distribution function.
Condensation within a gridbox occurs when relative humidity reaches a critical value, RHcrit, which is specified for each model layer. Cloud liquid and ice fractions (that is, the fraction of the gridbox occupied by liquid or ice cloud) are calculated by the scheme from the liquid and ice contents, before this information is fed into the microphysics for further calculation of cloud properties. The PC2 scheme is prognostic and computes liquid, ice and mixed-phase cloud fractions, which are advected in space and time after updating them by calculating sources and sinks of condensate. Incremental condensate fractions are outputted following each physical process represented by the model, such that each scheme (convection, radiation etc.) must produce an effect on condensate fractions. The connection to the microphysics scheme is slightly adapted compared to Smith (1990) , so that autoconversion does not affect liquid cloud fractions. In practice, this permits the existence of extensive, optically thin liquid clouds, with high liquid cloud fraction but low liquid water contents.
The second two experiments (RA1M_mod and RA1T_mod) applied modifications to the base configurations shown to improve the simulation of cold mixed-phase clouds by increasing the supply of liquid water and reducing its conversion to ice (see Table 1 for a summary). These are: (1) the inclusion of shape-dependent riming (Furtado & Field, 2017) , (2) the turbulent production of supercooled liquid (Furtado et al., 2016, RA1T only) , and (3) modifications to the ice cloud fraction parameterisation described in Abel et al. (2017) (RA1M only). Firstly, riming depletes liquid water, so limiting the efficiency of this process can sustain higher liquid fractions in mixed-phase clouds.
Reducing riming efficiency has been shown to improve Southern Ocean downwelling shortwave radiation biases associated with the conversion of too much cloud liquid water to ice (Furtado & Field, 2017) . Secondly, cloud liquid water can also be produced by sub-grid scale variations in humidity that are related to unresolved turbulence. Because turbulent motions occur at finer scale than the MetUM can explicitly resolve, this can produce humidity distribution differences that are also not directly simulated. Furtado et al. (2016) This article is protected by copyright. All rights reserved.
The case study was simulated with all four model configurations, then the best-performing configuration was used to simulate the entire five-week OFCAP period. During OFCAP, only the representation of surface fluxes is assessed because cloud phase measurements are not consistently available throughout the period. Initial tests showed modelled cloud phase to be sensitive to forecast length, so the first 12 hours of each 24-hour forecast were discarded as spin-up. The case study simulation was initialised at 00Z on January 18, 2011 to allow the model to spin up. For the longer OFCAP simulation, forecasts were re-initialised every 12 hours and the t+12 to t+24 hour part of each successive forecast was concatenated to form a continuous time series.
Results and discussion
Model representation of case study f152
Observed ice and liquid mass mixing ratios during case f152 (January 18, 2011) over AWS14
indicate that many thin cloud layers are present, with clouds below 2 km exhibiting the 'water-overice' structure typical of low-level polar mixed-phase clouds ( Figure 2) . A higher altostratus layer is present at around 4 km altitude, while a stratocumulus deck is observed between approximately 400 m and 2200 m. This stratocumulus appears in two distinct layers and contains higher mass mixing ratios of cloud ice and liquid than the upper level altostratus, reaching 1.6 × 10 -2 g kg -1 and 3.4 × 10 -1 g kg -1 , respectively. While the MetUM successfully captures the presence of altostratus and lower stratocumulus layers, all four model configurations simulate the lowest cloud layer around 1 km higher than is observed and produce just one layer below 2 km rather than the two indicated by the observations.
This article is protected by copyright. All rights reserved. where virtually no liquid is present in any configuration. Ice cloud is concentrated in the upper layers (above ~3 km) because any supercooled liquid present is converted readily to ice below the ice nucleation temperature threshold of -18°C. At 4 km altitude, the largest positive bias in ice contents is in RA1T_mod, which produces an ice mass mixing ratio 22.7 times larger than observed, while RA1M shows the smallest bias: an over-estimate of 2.3 times. All models except RA1T_mod produce liquid mass mixing ratios of less than 5.0 × 10 -4 g kg -1 above 4 km, although liquid mixing ratios are observed to reach 5.3 × 10 -2 g kg -1 at 3.8 km. At lower altitudes modelled cloud generally contains less liquid and ice than observed. Between 1 and 2 km, ice mass mixing ratios in RA1M_mod peak at 7.2 × 10 -3 g kg -1 , 1.9 times higher than RA1M, and 2.8 and 7.5 times larger than in RA1T and RA1T_mod, respectively. At the same height, liquid mass mixing ratios peak in RA1M
and RA1M_mod at 1.1 × 10 -1 g kg -1 and 2.5 × 10 -1 g kg -1 , respectively, and at 2.1 × 10 -3 g kg -1 and 5.2 × 10 -2 g kg -1 respectively in RA1T and RA1T_mod. Overall, ice mass mixing ratios are over- Additionally, RA1T only simulates thin ice clouds over AWS14. This is suggested by Figure 2c ), which shows that ice cloud volume fraction reaches 100% at 1.2 km, and Figure 2a ), which shows very low ice mass mixing ratios in this layer. Modelled 'volume fractions' refer to the fraction of a gridbox occupied by cloud of each phase: volume fractions in Figure 2 are shown as means for each model layer. RA1T is designed for use in tropical, convective regions and is less suited to Antarctic conditions where convection is less vigorous, which may explain these differences.
Modifications to the 'base' model configurations produce varying results. Observed liquid mass fractions in the lowest simulated cloud layer peak at 3.4 × 10 -1 g kg -1 . At 2.5 × 10 -1 g kg -1 , RA1M_mod produces 2.3 times more liquid than RA1M in the lowest layer, but the modifications to RA1M do not change its height, which is still approximately 1 km too high in RA1M_mod.
RA1T_mod generates 1.7 times more cloud ice above 3 km than RA1T, but is the only configuration to simulate liquid at this height, as is observed (Figure 2d ). Throughout the profile, it also produces almost ten times as much liquid than RA1T, but liquid mass fractions in RA1T_mod are still around six times lower than in observations. Of all four experiments, RA1M_mod exhibits the lowest bias in liquid mass fractions, while RA1M over-estimates ice mass fractions by the smallest amount.
Specific humidity, i.e. water vapour mass fraction, is represented reasonably accurately (within 10-25% of observed values) in all experiments throughout the profile up to 2 km (not shown). However, between 2 and 3.5 km, modelled water vapour mass fractions are considerably lower than observed (by 63-65% at 2.6 km). This under-estimation of water vapour may be expected to negatively bias longwave fluxes. However, very few differences are detectable between configurations, so this effect should have the same effect on the SEB in all experiments.
Surface flux biases at AWS14 for each model experiment during f152 are presented in Between-experiment differences in downwelling fluxes are partly driven by the representation of cloud. Positive SW↓ biases in all experiments indicate that the cloud is optically too thin in this part of the spectrum, thus allowing too much solar radiation to reach the surface (as also found by K15).
Conversely, over-estimated LW↓ indicates that the cloud is optically too thick in the infrared, which can be related to cloud liquid water content, temperature or altitude (Zhang et al., 1996) (Miller et al., 2015) , so although specific humidity and liquid contents -usually the dominant component of cloud longwave radiative forcing -are under-estimated, the considerable over-estimation of ice contents at altitudes above 3 km likely explains this positive bias.
The RA1T experiment produces quite different cloud profiles, and consequently SEB biases, to the other three simulations. As shown in Figure 2 , RA1T produces very low liquid cloud fractions and virtually no liquid water throughout the cloud profile, which likely explains the negative LW↓ (-41.13 W m -2 ) and extremely positive SW↓ (195.38 W m -2 ) biases shown in Table 2 . The amount of shortwave radiation transmitted through ice clouds is relatively insensitive to ice cloud thickness (Miller et al., 2015) , which means that although RA1T simulates an ice cloud gridbox volume fraction of 100% in two layers ( Figure 1c) and d) ), this has a limited effect on surface SW↓ because solar radiation can still penetrate. RA1T produces a melt flux bias comparable to RA1M_mod because its large radiative biases cancel and biases in the turbulent fluxes are relatively minor.
RA1T_mod has the smallest LW↓ bias, but this may be due to errors in simulated cloud phase. A positive SW↓ bias indicates that too little (liquid) cloud is simulated (also suggested by the low liquid water contents and volume fractions in Figure 2 ), which would usually be associated with a large negative LW↓ bias. However, cloud occupies up to 80% of the gridbox in the lowest layer, despite the liquid water contents being far too low, suggesting that the layer is extremely thin. Optically thin liquid clouds have been shown to cause greater warming than thicker liquid clouds in summer over This article is protected by copyright. All rights reserved.
the Greenland ice sheet because they are thin enough to allow shortwave radiation to penetrate, but thick, low and warm enough to radiate strongly in the infrared (Bennartz et al., 2013) . Errors in simulated cloud phase may therefore produce small biases for the wrong reasons.
Overall, RA1M_mod is considered to be the best-performing experimental configuration with respect to cloud and SEB properties. Figure 3) . Table 3a and Figure 3 show positive correlations (significant at the 99% level) between observed Emelt and SW↓ (rSW, melt = 0.62, Figure 3a ) and LW↓ (rLW, melt = 0.24, Figure 3b) ). This indicates that melt is most likely to occur when more shortwave radiation can reach the surface, but is also weakly associated with higher LW↓, which is strongly related to liquid water contents, especially at the This article is protected by copyright. All rights reserved.
relatively low liquid water paths (< 40 g m -2 ) typical of Antarctic clouds (Grosvenor et al., 2017) .
Observed melt is not strongly related to cloud cover (rCC, melt = 0.12), where 'cloud cover' is defined as the portion of the sky above AWS14 occupied by cloud, and the negative correlation between SW↓ and cloud cover shows that SW↓ is highest during clear conditions (rCC, SW = -0.19), which occur 11.5% of the time (defining 'clear' as having cloud cover < 0.31, as in Kay et al., 2008) . The low observed correlation between cloud cover and melt may be explained by the competing effects of cloud longwave (positive correlation) and shortwave (negative correlation) radiative effects on melt.
Observed cloud cover is not compared with LW↓ because it is computed from the closure of the longwave radiation budget using the energy balance model of Kuipers Munneke et al. (2009) and so is not independent. Modelled relationships (Table 3b) compare well with observations, suggesting that the model is able to reproduce the observed drivers of melting. For example, modelled Emelt is positively correlated with SW↓ (rSW, melt = 0.65) and to a much lesser extent, LW↓ (rLW, melt = 0.15).
Additionally, the large and significant (at the 99% level) correlation between modelled cloud cover and LW↓ (rCC, LW = 0.87) suggests that cloud cover affects longwave fluxes most strongly in the MetUM. This is mostly due to the contribution of liquid clouds -the correlation between LW↓ and liquid water path is much higher (rLWP, LW = 0.63) than with ice water path (rIWP, LW = 0.21) (not shown). Modelled melting during OFCAP usually follows cloudy periods, during which liquid and then ice water paths increase and then rapidly decline as cloud glaciates and dissipates (not shown).
Higher cloud liquid water contents increase LW↓ and begin to increase surface temperature and Etot.
Melting first begins as LW↓ increases, but is then sustained as the cloud glaciates and more shortwave radiation can reach the surface. This time-evolving process may partly explain the relatively low modelled correlations with melt of cloud cover and downwelling fluxes.
Biases in modelled SEB terms during the OFCAP period (Table 4 ) are smaller than those reported by K15, who use an earlier version of the default MetUM configuration, and broadly similar to those during f152 (Table 2) . As in f152, SWnet is negatively biased, but not for the same reasons: whereas during f152 SW↓ is positively biased, during OFCAP it is negatively biased, indicating that cloud is optically too thick in the shortwave part of the spectrum during the OFCAP period. This finding is consistent with K15. Mean longwave biases are all ~1 W m -2 in magnitude, but LW↓ (and consequently LWnet) shows a poor correlation with observations, indicating that the model struggles to represent (liquid) clouds, atmospheric water vapour contents and/or that clouds are simulated at the wrong time. This is consistent with results from the case study, which shows that the MetUM represents some cloud properties poorly. For example, errors in simulated cloud base height may explain the poor correlation with observed LW↓, as seen for the f152 case, when the MetUMsimulated cloud base was 1 km too high.
As shown in Table 4 , modelled radiative biases during OFCAP are mostly of the same sign as K15, but smaller in magnitude, suggesting that the MetUM physics updates since 2015 and modifications made in this work have improved the representation of cloud microphysics, and consequently surface energy fluxes. The melt flux bias is smaller than in K15 and during f152 (-1.7 W m -2 compared to 7.6 W m -2 in K15 and 6.09 W m -2 in f152, an under-estimate of just 12%), but of the opposite sign. This results in a 13% under-estimate of cumulative meltwater production throughout OFCAP, at 114 mm (water equivalent). K15 found that the MetUM over-predicts the occurrence of melt, despite a cold bias that is particularly present at high latitudes where conditions are more stable (Lock, 2011) .
Although the OFCAP simulation also produces a small mean cold bias (-0.27°C), and exhibits considerable negative biases in surface temperature during night-time, it represents melt frequency This article is protected by copyright. All rights reserved.
well because errors in modelled surface temperature are mostly when it is already well below the melting point (Figure 4 ). Observed melting occurs 29.5% of the time during OFCAP, while the model simulates melting 32% of the time. Emelt biases are therefore smaller than Etot biases because melt occurs only when the surface temperature is at melting point. Remaining biases, for instance in the turbulent fluxes, may be explained by other sources of error, such as the land surface or boundary-layer schemes. Improvements made in the RA1M_mod configuration produce much better simulations of melt at AWS14 than the present default configurations and previous model versions.
Because surface fluxes at AWS14 are representative of a wider area (K15) and the large-scale meteorological forcing producing cloud is similar across the ice shelf, these improvements will likely be seen across the whole of Larsen C.
Conclusions
This study has shown that the representation of cloud phase in the MetUM strongly influences modelled summertime surface energy fluxes and melt over the Larsen C ice shelf. An optimum configuration, RA1M_mod, is identified and recommended for future work examining cloud properties and surface energy fluxes over the Antarctic Peninsula. RA1M_mod uses single-moment microphysics and is based on the MetUM's mid-latitude regional atmosphere package, including modifications proposed by Furtado & Field (2017) and Abel et al. (2019) . These adaptations to improve simulated cloud phase have wider applications for other regional models and in other regions of Antarctica.
Visual inspection of vertical cloud profiles during a case study suggests that RA1M_mod reproduces the observed cloud vertical structure most closely. All model configurations over-estimate ice This article is protected by copyright. All rights reserved.
concentrations in a mid-level Altostratus layer (between ~3-5 km) and under-estimate liquid concentrations throughout the atmosphere, although this is especially visible at lower levels (below ~2 km). RA1M_mod produces the second lowest ice mass mixing ratios above 3 km and twice as much liquid as the next-best configuration in a lower layer, bringing the modelled cloud liquid mass mixing ratio closer to observed values. The RA1M setup likely outperforms the RA1T configurations because it has been more extensively developed, and is designed for use in colder mid-latitude conditions, that are more comparable to those observed in the Antarctic, and because it is based on the Smith (1990) large-scale cloud scheme, which has been more extensively modified and tested than the prognostic PC2 scheme on which RA1T is based. RA1T probably requires further development before it is suitable for use in the Antarctic environment. Additionally, the superior performance of RA1M_mod over the basic RA1M setup supports the findings of previous work that modifications to increase the amount of liquid and limit its conversion to ice improve the representation of cold mixed-phase clouds (Furtado & Field 2017; Abel et al. 2019) . These modifications may also be compatible with the MetUM's double-moment microphysics scheme, which is currently in development, although this requires further investigation. The RA1M_mod configuration will improve simulations of surface melting and ice shelf change in this rapidly changing environment, and, in future work, we will use RA1M_mod to produce a multi-decadal hindcast to investigate atmospheric processes influencing the SEB and hence melting of Antarctic Peninsula ice shelves. King et al. (2008) . The aircraft can be adapted to measure specific areas of interest, and during the OFCAP campaign was fitted with a Droplet Measurement Technologies Cloud, Aerosol and Precipitation Spectrometer (CAPS probe, Baumgardner et al., 2001) to sample cloud properties.
The probe contains three separate instruments: a Cloud and Aerosol Spectrometer (CAS) which measures the diameter of small cloud particles 0.5 -50 μm, a Cloud Imaging Probe, (CIP), which images larger cloud and precipitation-sized particles of 25 μm -1.5 mm diameter using a chargecoupled device array, and a hotwire liquid water contents (LWC) sensor, which is used to validate CAS data.
In-cloud particles observed by the CAS instrument are all assumed to be liquid droplets, whereas those observed by the CIP must be post-processed to determine their phase. After data are quality controlled and processed using the method of Crosier et al. (2011) , cloud particles are segregated into ice and liquid using the technique of Lachlan-Cope et al. (2016) by determining their circularity, C, defined as:
where P is the particle perimeter as measured by the instrument and A is the particle area, which must be a minimum of 50 pixels (or ~200 µm) to be detected. Particles with 0.9 ≤ C ≤ 1.2 are considered to be circular and are thus classified as drops, while those with C ≥ 1.4 are classified as ice. Following visual inspection of the data from the flights considered, particles with intermediate circularity 1.2 ≤ C ≤ 1.4 are classified as ice, as in Lachlan-Cope et al. (2016) . Ice water contents are then calculated with the mass-dimensional relationship of Brown & Francis (1995) . 
Appendix C: Numerical weather prediction model description and parameterisation schemes
The Met Office Unified Model (MetUM) is a numerical weather prediction model used for operational and research purposes. Its dynamical core is non-hydrostatic and uses semi-implicit timestepping and semi-Lagrangian advection (Walters et al., 2017) . Model equations are solved on a staggered Arakawa-C grid in the horizontal and with Charney-Phillips staggering in the vertical, with a hybrid height vertical coordinate that is terrain-following near the surface. It is run in atmosphereonly mode and configured similarly to Orr et al. (2014) , although in contrast to that work, this study uses just one nested domain at 1.5 km horizontal grid spacing with a 60 second time step. This inner nest takes input from a global model that has ~17 km resolution in the mid-latitudes, which is forced at the boundaries with Met Office global operational analyses.
Simulations are run in forecast mode as described in the main text: re-initialisations occur at 0000 UTC and 1200 UTC, with only the t+12 to t+24 part of the forecast retained. The case study is initialised 12 hours prior to the flight, while the OFCAP simulation comprises a series of forecasts concatenated together. All quantities of interest are outputted as instantaneous values every 15 minutes, except meteorological variables, which are outputted hourly. During the OFCAP period, all variables are outputted as hourly instantaneous values.
The radiation scheme (SOCRATES) is based on Edwards & Slingo (1996) , which calculates surface radiative fluxes prognostically using six shortwave and nine longwave absorption bands. Absorption and scattering by cloud particles are treated by applying "thick averaging" to calculate droplet effective radius from number concentrations computed by the microphysics, and ice crystals are parameterised according to Baran et al. (2016) .
This article is protected by copyright. All rights reserved. ice nucleation occurs when the temperature is below a specified threshold and liquid water is present in a gridbox, representing an immersion freezing or condensation mechanism. All experiments use a modified threshold of -18°C rather than the default -10°C, as this modification was shown by to improve the representation of mixed-phase cloud because it forces supercooled liquid to remain liquid at colder temperatures. 
RA1M_mod
As in RA1M, with the following modifications:
• Shape-dependent riming (Furtado & Field, 2017) • Modified ice cloud fraction parameterisation (Abel et al., 2017) RA1T
• RA1T physics, based on PC2 (Wilson et al., 2008) large-scale cloud scheme
• Heterogeneous nucleation temperature threshold set to -18°C (Field et al.,
2014)
RA1T_mod
As in RA1T, with the following modifications:
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Accepted Article Figure 4 Hourly surface temperature (T s ) at AWS14 during the OFCAP period. Observations are given in black, while model output is shown with filled markers.
